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(Received 30 September 1939) DEWAN [1938] and Adler et al. [1939] reported that certain enzyme preparations obtained from heart muscle bring about a reductive amination of ac-ketoglutaric acid. The hydrogen required in this reaction may be provided from other dehydrogenase systems via coenzyme I or II, especially from the ,-hydroxybutyric and i8ocitric dehydrogenases, according to the schemes:
(1) ac-ketoglutaric acid+NH3+i8ocitric acid -+glutamic acid + oxalosuccinic acid, or (2) oc-ketoglutaric acid + NH3 + ,-hydroxybutyric acid glutamic acid + acetoacetic acid.
We have studied the occurrence of these reactions (so far observed only in artificially combined enzyme systems) in surviving tissues. We find that a reductive amination of oc-ketoglutaric acid does in fact take place in kidney and heart muscle, but this reduction proves independent of the presence of isocitric or fl-hydroxybutyric acids. On the other hand it is found to be accompanied by a formation of succinic acid and C02, and the quantities of these substances formed show that the following reaction takes place:
(3) 2oc-ketoglutaric acid + NH3=glutamic acid + succinic acid +C02. EXPERIMENTAL Pigeon breast muscle and heart muscle were minced in the Latapie mill and suspended in 5 to 10 parts of 0.1 M phosphate buffer of pH 7*1 or 7*4. Other tissues were sliced and suspended in the balanced salt solution of Krebs & Henseleit [1932] . The experiments were carried out in conical manometer flasks provided with sidearms and centre cups. The latter contained yellow P in all anaerobic experiments. The temperature of the bath was 400.
Glutamic and succinic acids were determined manometrically as previously described [Cohen, 1939] . The C02 production was also measured manometrically. The figures given in the tables for the C02 formation represent the total C02, i.e. C02 formed from oc-ketoglutaric acid and liberated from the NaHCO3 of the medium by acids.
ac-Ketoglutaric acid and ammonia in kidney cortex
In Table I Table II shows a disappearance of NH3 of the expected magnitude. At a low NH3 concentration the "extra C02" (i.e. C02 formed on addition of NH3) is very nearly equivalent to the quantity of NH3 absorbed. With rising concentrations ofNH3 the calculated " extra C02 " becomes smaller than the NH3 absorbed. This may be explained on the assumption that a "simple" dismutation of oc-ketoglutaric acid (reaction (4) (4) 2oc-ketoglutaric acid + H20 = oc-hydroxyglutaric acid + succinic acid + C02, which accounts for most of the C02 formation from oc-ketoglutarate in the absence of NH4C1 [see Krebs & Johnson, 1937, 1; Weil-Malherbe, 1937 ] competes with reaction (3). As the NH3 concentration rises, the rate of (4) decreases owing to the conversion of a-ketoglutaric into a-iminoglutaric acid. Thus our method of calculation would yield too low values for the extra C02 -As regards the glutamic acid formation in the absence of added NH3, this may be due to transamination or amination from endogenous amino-compounds or NH3.
oc-Ketoglutaric acid and NH3 in heart muscle Similar experiments on heart muscle are recorded in Table III . The increases in succinic acid, glutamic acid and C02 formation after addition of NH4Cl and ac-ketoglutarate are distinct, but smaller than in kidney cortex. It is noteworthy that the succinic acid formation is considerably smaller than the glutamic acid formation in the experiment on sheep heart. This suggests that there are other reactions, in addition to (3), in which glutamic acid is synthesized. (3), CO2 is the easiest to determine. We have used the determination of the CO2 production in the presence of oc-ketoglutarate and NH4C1 in order to test a series of tissues for reaction (3). Brain, intestine, spleen, liver, testis and pigeon breast muscle show no significant increase in C02 production (Table IV) . Kiidney and heart thus appear to be the only tissues in which reaction (3) is of major importance.
METABOLISM OF a-KETOGLUTARATE
Effects of (3-hydroxybutyrate and citrate on the synthesis of glutamic acid. In order to see whether reaction (2) occurs in surviving tissues a series of tissues (rat liver, rat and guinea-pig kidney cortex, guinea-pig, pigeon and sheep brain, sheep heart muscle and pigeon breast muscle) were incubated anaerobically with oc-ketoglutarate, NH4C1 and dl-,-hydroxybutyrate. After incubation, acetoacetic acid was determined by the aniline citrate method [Edson,'1935] . No significant amounts of acetoacetic acid were found and it must therefore be concluded that reaction (2) does not occur to an appreciable extent in the tissues tested, although the tissues appear to contain all the catalysts required for this reaction.
To test for reaction (1) citrate was added together with o-ketoglutarate and NH4Cl to various tissues. Citrate rapidly forms isocitrate under the conditions of the experiment [Johnson, 1939] and if reaction (1) occurred an increased glutamic acid formation would be expected; no increase was found, however (Table III) .
Reactions analogous to (3). Guinea-pig kidney cortex, liver and brain and pigeon breast muscle were incubated anaerobically with ammonium pyruvate and ammonium oxaloacetate, but no significant increase in CO2 production was observed (see Table IV ). There is therefore no reason to assume that other oc-ketonic acids react in the same way as a-ketoglutaric acid. DISCuSSION oc-Iminoglutaric acid. Knoop & Oesterlin [1925] found that solutions containing ao-ketoglutaric acid and NH3 yield glutamic acid on catalytic dehydrogenation. This fact may be taken as conclusive evidence of the existence of oc-iminoglutaric acid in these solutions and reaction (3) may therefore be written in the following form:
(5) oc-ketoglutaric acid + a-iminoglutaric acid + H20 = glutamic acid + succinic acid+ CO2 -The analogy. between (5) and the simple dismutation of oc-ketonic acids (4) is obvious. Reaction (5) may be considered as a special form of dismutation in which the oc-imino-acid replaces one of the ac-ketonic acids.
Glutamic acid as a hydrogen carrier. If reaction (3) is followed by the reoxidation of glutamic to oc-iminoglutaric acid, the system glutamic acid = iminoglutaric acid acts as a hydrogen-transporting system, a conception which was put forward some time ago, in a general way, by Knoop & Oesterlin [1925] . This would explain previous observations [Krebs, 1932; Edson, 1935] which showed that addition of NH4C1 catalytically increases the respiration in kidney cortex in the presence of a-ketoglutarate and of those substances which may give rise to the formation of oc-ketoglutarate, such as lactate, pyruvate or glucose [see Krebs & Johnson, 1937, 2] . The fact that the effect of NH4C1 is METABOLISM OF oc-ETOGLUTARATE not observed in other tissues in which reaction (3) does not occur supports this explanation.
It is also suggestive to explain the widespread occurrence of glutamic dehydrogenase in animal tissues by its specific function'as a hydrogen carrier in cellular respiration. In connexion with this hypothesis arises the question of the nature of the hydrogen donators for iminoglutaric acid. Our attempts to find donators other than oc-ketoglutaric acid were so far without positive results.
Glucose, lactate, pyruvate, cx-glycerophosphate, dl-glyceric aldehyde had no effect on the reduction of iminoglutaric acid in sliced brain cortex.
Oxidative breakdown of oc-ketoglutaric acid. Since reaction (3) does not occur in all the tissues which oxidize oc-ketoglutaric acid there must be other mechanisms, e.g. in pigeon breast muscle, or in brain, whereby a-ketoglutaric acid is broken down. In kidney cortex, however, reaction (3) appears to be the chief pathway of the breakdown of oc-ketoglutaric acid.
SUMMARY
The following reaction was found to take place when oc-ketoglutarate and NH4Cl were added to sliced kidney cortex or minced heart muscle:
20c-ketoglutaric acid + NH3 = glutamic acid + succinic acid + CO2. This reaction is probably a step in the normal oxidative breakdown of oc-ketoglutarate and of those substances which give rise to oc-ketoglutarate. This is borne out by the fact that NH4 salts catalytically increase the rate of oxidation of oc-ketoglutarate.
